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Introduction
The concept of productive base sustainability which stems from the de…nition of sustainable development as nondeclining social welfare (NDSW) can be regarded as an approach which is operationally and empirically useful for the development of sustainability criteria, sustainability indicators and for the design of policies promoting sustainable development. NDSW means avoiding any decline in intergenerational social welfare de…ned in terms of a Ramsey-Koopmans social welfare functional (R-K SWF), either from time t forever onwards, or much less demandingly, just at time t (Riley, 1980; Dasgupta and Mäler, 2001; Pemberton and Ulph, 2001; Arrow et al., 2003) . 1 Arrow et al. (2003, p. 653 ) de…ne a sustainable development path at t as one with NDSW at t. They show that in an autonomous nonoptimizing economy, 2 this criterion implies the maintenance of the economy's "productive base"at t: Thus NDSW at t is equivalent to non-negative genuine investment at t, with genuine investment de…ned as the sum of investments, valued at accounting prices, in all productive assets such as manufactured capital, human capital, natural capital and knowledge.
In a recent paper Vouvaki and Xepapadeas (2008) used the concepts of NDSW and productive base sustainability to characterize, both theoretically 1 The now widely accepted Bruntland's Report de…nition of states that "Sustainable development is the development that meets the needs of the present without compromising the ability of future generations to meet their own needs". In an attempt to make this de…nition operational, a number of auxiliary de…nitions have been developed which identify conditions under which an economy can be regarded as following a sustainable development path. The most prevailing of these de…nitions, as reported by Pezzey (2004a) , associate sustainability with:
Achieving constant utility (Solow, 1974; Hartwick, 1977) .
Having the representative agent's utility (well-being) U (t) not exceeding the maximum level of utility U m (t) which can be sustained forever from t onwards given the capital stocks existing at t (Pezzey, 2004b) . This de…nition is implied by, but does not imply, the well-known condition that the agent's utility is forever non-declining from t onwards (Pearce et al., 1990; Pezzey, 1992 Pezzey, , 1997 .
Nondeclining social welfare (NDSW), as de…ned above. and empirically, sustainability conditions and changes in current social welfare for nonoptimizing economies by direct estimation of accounting prices. In this model the consumption of natural capital was proxied by the accumulation of a local pollutant which generated environmental damages. In this paper we seek to study the likely evolution of the productive base of economies, when global natural capital which is associated with the global climate is a¤ected by economic activity.
Climate change and global warming has been a central issue both at national and international levels. Global temperature increase, due to the well-known greenhouse e¤ect, is likely to trigger serious detrimental impacts on a global scale which have been extensively discussed in various reports. 3 Extreme weather events, destruction of ecosystems and loss of species, rise of the sea level which will endanger coastal areas and small islands, significant adverse e¤ects on agriculture, and redistribution of world income to the detriment of lower income countries are some of the likely consequences. It is now generally accepted that most of the global warming is caused by human activities which involve the burning of fossil fuels. This causes the emissions of 'greenhouse gasses'(GHGs) which are considered to be the main factor responsible for climate change, with carbon dioxide (CO 2 ) regarded as by far the most important among GHGs. The emissions and the resulting excess accumulation of GHGs can be regarded as a form of depletion of natural capital which is associated with global climate. Since the depletion of natural capital means in broad terms that a smaller amount of this part of the productive base of the economy is passed to future generations, climate change is directly linked with sustainability concepts discussed above. Current reports (IPCC 2000, the Stern Report, 2006) present di¤erent possible future scenaria that include more or less pessimistic predictions for the years to come, depending on the way societies decide to handle and control the global warming phenomenon today and in the immediate future. 4 If policies that have not properly addressed global warming and climate change are to be continued, this phenomenon will be intensi…ed and will impede attempts to build and maintain a development process that could be characterized as sustainable in the productive base sense discussed above.
Based on the concepts of productive base sustainability and climate change as discussed above, the paper's main objectives are to develop …rst a conceptual framework capable of modelling the impact of global carbon dioxide concentration that leads to global warming and climate change, on productive base sustainability, and second, to empirically approximate this impact for two large groups of countries (developed and developing 5 ). Since productive base sustainability is associated with NDSW, our approach provides a direct theoretical and empirical link between changes in current social welfare (CCSW) and global warming. The measure of CCSW is the time derivative of R-K SWF which embodies environmental damages caused by climate change. If the time derivative of an R-K SWF at time t is positive, then an economy is currently productive base sustainable and genuine investment is also positive (Arrow et al., 2003) . In this sense, sustainable development is measured as the change in productive capacity. Reductions in productive capacity can be captured by negative genuine investment and imply that we leave less productive capacity to future generations to satisfy their needs. More speci…cally, if an economy is not currently productive base sustainable, then the time derivative of the R-K SWF at time t is negative and genuine investment is also negative. Negative genuine investment (or savings) implies that total wealth is in decline and policies that lead to persistently negative genuine savings are unsustainable. This can be considered as a productive base approach to sustainable development. 4 "The current level or stock of greenhouse gases in the atmosphere is equivalent to around 430 parts per million (ppm) CO 2 ; compared with only 280ppm before the Industrial Revolution. These concentrations have already caused the world to warm by more than half a degree Celsius and will lead to at least a further half degree warming over the next few decades, because of the inertia in the climate system" (Stern, 2006 , Executive Summary p. iii). 5 The distinction between developed and developing countries is based on the OECD and non-OECD countries partitioning.
Following this methodological approach, we develop our model for the case of nonoptimizing economies 6 that we believe best …ts current economic structures. We estimate CCSW conditions for two large groups of 23 developed OECD countries 7 and 21 developing non-OECD economies 8 by taking into account one of the basic environmental factors that can be held accountable for the global warming phenomenon, namely CO 2 emissions. 9 Our results suggest that under the current production structure and CO 2 emission time paths, the current estimates of CO 2 damages, and the projected time paths for emission, 10 the measured CCSW are negative. When CO 2 emission time paths are considered as a policy parameter and their future time paths are adjusted so that emissions do not increase over time, then CCSW becomes positive. Based on these results it seems that our theoretical framework might be capable of providing an assessment regarding the productive base sustainability conditions of economies, along with some policy suggestion for attaining or maintaining productive base sustainability under conditions of climate change. 6 A non-optimizing economy is an economy where government, whether by design or by incompetence, does not choose policies that maximize intergenerational welfare (Arrow et al., 2003) . 7 The 23 countries used in our analysis are the following: Canada, U.S.A, Austria, Belgium, Denmark, Finland, France, Greece, Italy, Portugal, Spain, Sweden, Switzerland, U.K., Japan, Iceland, Ireland, Netherlands, Norway, Australia, Mexico, Turkey, Luxembourg. 8 The 21 developing countries used in our analysis are the following: Peru, Thailand, Paraguay, Morocco, Dominican Republic, Guatemala, Honduras, Jamaica, Bolivia, Colombia, Ecuador, Iran, Sri Lanka, Syria, Yugoslavia, India, Kenya, Madagascar, Malawi, Sierra Leone, Zimbabwe. 9 There are two basic reasons why we use CO 2 emissions in this paper as the basic contributant to the global warming phenomenon. The …rst reason is that CO 2 emissions is the most important of all the other GHGs such as methane, nitrous oxides etc in terms of percentage contribution in the global warming phenomenon. The second reason is more practical and has to do with the avaliability of data on CO 2 emissions for those two large groups of countries. 10 The Stern Report scenario corresponds to a 2:5% annual increase in CO 2 emissions.
Descriptive growth with emissions as an input
Starting from the concept of a non-optimizing economy in the sense that while …rms maximize pro…ts, consumers save a …xed proportion of their income, our attempt is to provide a measure of current changes in social welfare. We consider a stylized economy where the productive base includes a list of assets such as physical capital, human capital, and natural capital, along with labor augmenting (Harrod neutral) technical change and emission augmenting technical change. We consider the earth's atmosphere as a component of social overhead capital (Uzawa, 2003) which can play the role of natural capital. In this case natural capital is associated with the stock of accumulated GHGs while CO 2 emissions along with other GHGs can be thought of as a reduction of this social capital -a form of disinvestment. Thus the impact of natural capital in our model is captured by two factors: emissions of CO 2 and other GHGs which are considered as an input into the aggregate production function. Environmental damages are associated with the global stock of CO 2 and GHGs that accumulate globally and cause global warming and climate change. Capital accumulation in our stylized economy is described by using the standard Solow model. We assume that exogenous technical change of labour augmenting type and technical change associated with emissions are present. The production function we use is of the form:
where K is physical capital, H is human capital, AL is e¤ective labour with L being labor in physical units and A re ‡ecting labor augmenting technical change, 11 and BZ is e¤ective input of emissions, with Z being emissions in physical units 12 and B re ‡ecting emission saving technical change, or input 11 A (t): the level of labor augmented technical change is de…ned as A 0 e gt . 12 Emissions in this paper are an input in production and can be regarded as a proxy for energy. In this interpretation emissions are not treated only as a by product of output production.
augmenting technical change 13 . Using the Cobb-Douglas assumption, the production function (1) becomes:
Assuming the existence of constant returns to scale: a 1 + a 2 + a 3 + a 4 = 1; and expressing output in per worker terms, where y = Y L ; k = K L ; z = Z L and h = H L ; we obtain:
Capital accumulation in per worker terms, assuming that the two capital goods (produced and human) depreciate at the same constant rate 14 is given by:
De…ning k =ke t ; h =ĥe t ; and z =ẑe t in e¢ ciency units we have: k = k e t + k e t ; h = ĥ e t + ĥ e t and z = ẑe t + ẑe t
Substituting k and h in (2) we obtain:
Solving (4) in the appendix we obtain the solution for the time path of 13 B (t) = B 0 e bt . We normalize the initial level of emission augmented technical change, by setting B 0 = 1 assuming that each of the groups of the countries we examine started at the beginning of our data period (1965) approximately at the same level of emissions augmenting technical change. 14 the stock of capital:
; for t (5) Equation (5) expresses the time path of the physical capital stock in the economy as a function of the parameters of the economy and the time path of emissions per capita. In the next section we examine the way in which the path of emissions might be determined in a market economy and the impacts of these time paths on the economy's value function.
Value functions and policy implications under global warming
In this section we de…ne the choice of emissions and the implied time path in a context of pro…t maximizing …rms. Assume a representative competitive …rm which solves the following pro…t maximization problem:
subject to Z Z Positive marginal products for the inputs and pro…t maximization implies that Z = Z where Z is an upper emissions limit for the representative …rm. The upper bound on emissions could re ‡ect technical constraints associated with production technologies or an emission limit determined exogenously by a regulator or an international agreement such as Kyoto. In this case aggregate emissions are constrained by the emission limit and emissions in per e¤ective worker terms are de…ned as:
where Z denotes the aggregate emission limit on CO 2 emissions and z the emission limit in per capita terms.
Using the standard Solow assumption, where consumption is a …xed proportion of output we have that consumption in per e¤ective worker terms is de…ned as:ĉ
whereŷ = ye t : Thus (8) will take the form:
and by replacingk by (5) in the consumption function we have:
The general state of the environment is introduced into the model by the variable P which is interpreted as the stock of CO 2 emissions which a¤ects utility in a negative way. Then the utility function becomes a function of per capita consumption c and total pollution P and is assumed, as is common in this type of analysis, to have the following separable speci…cation:
In (10) is the elasticity of marginal utility; and P is pollution stock which creates disutility. Therefore D (P ) can be interpreted as a damage function assumed strictly increasing and convex. We specify the damage function as D (P ) = P with > 0 and 1: Since the production structure is determined in per e¤ective worker terms, we need to specify the utility function (10) in per e¤ective worker terms. If we de…ne consumption per e¤ective worker asĉ = C AN ; from the de…nition of per capita consumption we have:
then we have:
and the utility function (10) becomes:
We assume that the evolution of CO 2 stock, denoted by P ; is determined by a …rst-order linear di¤erential equation:
where P J j=1 Z j = Z T is the sum of aggregate emissions from j = 1; :::; J countries which are possibly constrained under an international agreement, with m re ‡ecting exponential GHGs decay.
The solution of (13) is:
Then damages from CO 2 stock for country j can be determined as:
The utility ‡ow in per e¤ective worker terms for country j can be speci…ed as:
The ‡ow of total utility in the economy is N j U j (c ; P ): Therefore the value function for the economy, using (15) becomes: 15
It should be noted that under an e¤ective emission limitẑ is de…ned in terms of emission limit z through (7) . We do not examine how countries have reached these emissions limits. They might have been determined through an agreement such as Kyoto or limits might have been determined unilaterally.
The key assumption, is however, that irrespective of how the limits have been set, they are not the outcome of an explicit optimization either at a national or at a global level, but, as is probably more realistic, they are the outcome of a non-optimizing political process. In the above formulation we could distinguish between small and large countries. A small country will consider Z T as a …xed exogenous parameter. On the other hand, a large country might recognize its contribution in total emissions. In this case, aggregate emissions for the large country l will be de…ned as:
If we write Z l = z l e ( + )t ; then accounting prices for any country l at time t can be de…ned as:
It should be noted that there is an accounting price for the emission limit z l ; which is formed by two e¤ects: the e¤ect of the emission limit on consumption through the production function as re ‡ected in (10) , and the e¤ect of the emission limit on environmental damages, through aggregate emissions as re ‡ected in the second term of (15) . There is also an accounting price for the aggregate emissions of all other countries since these aggregate emissions a¤ect environmental damages.
Since for any variable ! = k ;ẑ we have:
accounting prices in total and per capita terms are de…ned as:
A productive-base sustainability criterion
In our stylized economy, a positive change in current social welfare can be considered as an indicator of productive-base sustainability for the country analyzed. In other words, if:
then the economy is currently productive base sustainable. More analytically, (i) if the time derivative of the social welfare function is positive, this implies that CCSW is positive and that genuine investment is also positive, 16 without however implying sustainability in individual utility terms, (ii) if the time derivative is negative, then genuine investment is negative. 17 The accounting prices for capital, population, technology, the emission limit and the pollution stock are p K t ; p N t ; p A t ; p Zt ; p P t , while _ K; _ N ; _ A; Z ; _ P are the rates of change of capital, population, technological change, emission limit and the pollution stock respectively.
Dividing by N k where k = K N ; using the fact that
k and that the accounting price for capital in physical terms is related to the accounting price of capital in per e¤ective worker terms, by (21) we obtain: 24) where S t measures the change in the value of the economy per unit of produced capital stock at time t and could be interpreted as the rate of return on produced capital measured in terms of social welfare. By multiplying S t by the current stock of capital we obtain a measure of current genuine investment. Using as before _ A=A = g; _ N =N = n; and denoting the rate of growth of capital per worker by _ k=k = v; by _ Z Z = ; the rate of growth of the ‡ow emission limit with < 0 indicating that environmental policy becomes gradually more stringent and > 0 indicating that it becomes gradually laxer; and with = _ P P the rate of change of the GHGs stock, we have that social welfare increases currently and thus development can be considered as currently sustainable in productive base terms if: 16 Evidence provided by the World Bank (2006) suggests that investments in produced capital, human capital, and governance, combined with saving e¤orts aimed at o¤setting the depletion of natural resources, can lead to future welfare increases in developing countries. 17 As suggested by the World Bank (2006, Ch. 3), negative genuine saving rates imply that total wealth is in decline and policies leading to persistently negative genuine savings are unsustainable.
Results
Based on the descriptive growth model of section 2 and the methodology developed to determine whether an economy is currently productive-base sustainable, we present in this section the main empirical results. The parameters used and their numerical values,are presented in table 1 below The values correspond to the period 1965-1990. : Growth rate of total stock of CO 2 in (25) : Parameter of the damage function (2; 4)
Parameters a 1 and a 2 are the production elasticities with respect to physical capital and with respect to human capital. 18 , 19 In the context of the Barro and Sala-i-Martin (2004) assumption about the equality of marginal products of physical and human capital, we can interpret as the sum of the share of each of these two types of capital. For the case of developed countries: a 3 is the share of labor and a 4 is the share of emissions. For the case of developing countries a 3 is the share of emissions and a 4 does not exist.
Tables 1a,b,c, 2, 3a,b,c and 4, present the parameter values used in our analysis of the 23 developed -OECD and the 21 developing -non-OECD countries in order to estimate the productive base sustainability criterion (25) . Parameter values in tables 1a,b,c, and 3a,b,c, have been obtained using data from the Penn World tables 5. For tables 1a-1c -above -and 3a-3c the parameters were obtained as follows: the average of the saving rates s for the case of the developed countries was obtained from the National Accounts of the OECD database and for the case of the developing countries was obtained from the "Economics, Business, and the Environment -National Savings: Gross savings as a percent of GNI". In estimating the production function we used …xed e¤ects estimation so was the sum of the coe¢ cient of the production function and the …xed e¤ects of the production function. The shares of capital, labor, emissions and the rate of growth of labor augmenting and emission augmenting technical change were obtained from Tzouvelekas et al. (2007) , which is the marginal damages from CO 2 stock was estimated for the developed countries using Fankhauser and Tol (1997) estimated damages from the doubling of CO 2 in di¤erent world regions. For the developing countries, marginal damages were obtained using Nordhaus (1998) . Table 2 : Common parameter values for developed countries P arameter a 3 a 4 g b ga 3 ba 4 V alue 0:325968 0:596 0:077 0:014 0:026 0:008 0:002 0:03 = ga 3 + ba 4 = 1 a 1 a 2 0:5 0:010675682 0:03 1 0:015838539 For tables 2 and 4 the parameters were obtained as follows: the depreciation rate was the same for the case of developed and developing countries and was obtained from Mankiw et al. (1992) . The elasticity of marginal utility was also the same for both cases and suggests that the equal distribution of income does not have a signi…cant weight in the utility function. The utility discount rate was taken as 3% 20 and = 1 which implies a linear damage function.
The parameter values for the group of developing countries are summarized in table 3a,b,c that follows. ba 3 V alue 0:095117 0:330547 0:00815 0:00405 0:004684 0:001339273 = ga 2 + ba 3 % = 1 a 1 a 3 0:03 0:5 0:006023273 0:03 1 0:010487368 To determine (24) and (25), we also need values regarding the growth of CO 2 emissions and the growth of CO 2 stock. Treating the future growth of CO 2 emissions as a policy variable, the evolution of the CO 2 stock can be determined using (14) as:
where m is the exponential pollution decay on emissions, x is the rate of growth of global CO 2 emissions, P 0 is the initial stock of CO 2 and Z 0 is the initial level of total CO 2 emissions globally. Regarding the parameter values, the initial stock of pollution from CO 2 emissions P 0 was 785:3 billion tons of CO 2 obtained from Guillerminet and Tol (2005) and the initial level of global total emissions ( ‡ow) Z 0 was 6:15 billion tons of CO 2 and was obtained from Guillerminet and Tol (2005) . The exponential pollution decay of emissions m; was taken at a value of 0:0083 from Reillly and Richards (1993) . For the value of x we used three di¤erent scenaria regarding the evolution of CO 2 emissions. The …rst scenario, which was motivated by the Stern (2006) Report, 21 follows the assumption that the global CO 2 emissions increase annualy by 2:5% or x = 0:025 per year. The second scenario is a scenario of constant global CO 2 emissions x = 0, that enabled us to extract helpful results for the impact of the environmental factor on productive base sustainability. The third scenario is based on an annual increase of global emissions per 0:5% or x = 0:005 per year. This is a completely arbitrary scenario chosen to check whether for low rates of growth of annual global CO 2 emissions, the productive base sustainability criterion changes sign.
6 Accounting Prices and Productive Base Sustainability for Developed and Developing
Countries
This section presents the results of our empirical estimations which are based on our empirical model and the parameter values described in section 5. The accounting prices for the two groups of countries and the signs of the CCSW or the productive base sustainability criterion of the economies analyzed were obtained under the three di¤erent scenaria of global CO 2 emissions described in section 5. When we follow scenario 1 (x = 0:025), the results indicate that both for developed OECD and developing non-OECD economies the accounting prices of capital (AP K), CO 2 emissions (AP CO 2 ), and technological change (AP G) are positive while the accounting prices of global emissions of CO 2 (AP Gz) and of the stock of CO 2 (AP P ) are negative. The signs of the accounting prices can be interpreted as follows: When capital, CO 2 emissions and technological change increase per one unit, then the social welfare also increases. On the other hand, when global emissions and the stock of CO 2 increases, this reduces social welfare and thus the sign of those accounting prices is negative. For the case of scenario 1, the sign of the current change on social welfare conditions _ V is negative which is something we expected due to the positive and high environmental degradation that the persistent increase of global annual CO 2 emissions create. Following scenario 2 (x = 0); we observe that the results change signi…cantly. As far as the signs of the accounting prices are concerned, we have the same pattern, but the CCSW criterion -_ V is now positive both for the case of developed -OECD and developing -nonOECD countries. This result con…rms the hypothesis that the path of global CO 2 emissions currently regarded as plausible negatively a¤ects productive-base sustainability. Thus, our results indicate that by keeping emissions at a constant level, this environmental friendly but probably unrealistic scenario would provide positive results for the CCSW and imply current productive base sustainability. Scenario 3 (x = 0:005), provides the same positive values for the accounting prices of capital, CO 2 emissions, and technological change, negative values for the accounting prices of global emissions, the stock of CO 2 and the productive base sustainability criterion. 22 This pattern con…rms our initial hypothesis and observation that even with a very small percentage annual increase of CO 2 emissions, the results are not optimistic for productive base sustainability. Those results are an indication of the need for a strict management of global CO 2 emissions in order to avoid the erosion of the sustainability of the productive base of the economy that the global warming phenomenon creates.
Policy implications
As shown from the results of our empirical analysis the accumulation of global CO 2 emissions in the atmosphere is among the main factors determining our productive base sustainability criterion (PBSC). We observe from our empirical analysis that when the annual growth of global CO 2 emissions increases from 0% to 0:5% or 2:5%, the current change in social welfare criterion changes sign and becomes negative ( _ V < 0) 23 . In particular, when we have 0% rate of growth of global and individual country emissions, then the growth of the stock of CO 2 emissions is negative. This means that the state of the environment has a positive impact on total social welfare and the PBSC is positive both for the group of the OECD and the non-OECD economies.
When we change the annual global emissions rate of growth to 0:5%, the growth of the stock of CO 2 is positive. This implies that CO 2 accumulation has a negative impact on total social welfare and the PBSC turns negative both for developed and for developing countries.
When the global emissions rate of growth increases to 2:5%, the growth of the stock of CO 2 is also positive and the change in social welfare is "more 22 For the case of Mexico (developed countries) in scenario 3, the result of the Current Changes on Social Welfare Conditions _ V is positive in contrast to all the other countries under analysis where the sign of _ V is negative for 0:5% global CO 2 emissions increasement. 23 See the results of tables 5 and 6 in Appendix 2.
negative" relative to the 0:5% CO 2 growth scenario.
Global CO 2 emissions rate of growth can be adjusted by the use of speci…c policy tools such as emission limits ( Z) or emission taxes ( ). Those emission limits can be used at a country level so that global CO 2 emissions do not exceed a speci…c maximum level Z global max . Similar results can be obtained with the imposition of a tax as a policy tool. The Kyoto protocol can be regarded as an attempt to de…ne Z and therefore restrict the growth of emissions of the participating countries and the growth of emissions globally. Our results suggest that in order to have productive base sustainability, the international agreements should set the limit of emissions growth very close to 0: Our results show that there is a direct relationship between the growth of emissions of each country we analyze, the growth of global emissions, the growth of CO 2 stock and PBSC. The growth of emissions of each country a¤ects the growth of global emissions, which a¤ects the growth of CO 2 stock. As a result, a reduction in global CO 2 emissions could have two con ‡icting impacts. The …rst one is a positive impact. Reduced emissions will produce gains in terms of reduced CO 2 stock and thus positive results for the PBSC. The second one is a negative impact. Reduced emissions in a country may imply output reduction if other cleaner ways of production are not engaged. This implies reduced consumption and capital accumulation and this can have a negative impact on productive base sustainability.
Our results suggest that if emissions in each country are kept constant, the gains from the reduction of the global CO 2 stock can outweigh any losses in output in individual countries, for all the countries examined and can promote support global productive base sustainability.
In our model, a parameter that can play an important role in promoting CO 2 reduction without output losses is the parameter b; the emission augmenting technological change. This parameter can be used as a potential policy tool to compensate for the negative impact that a reduction on emissions may have on growth. This can be achieved for example by international R&D cooperation.
Another issue that comes up in this context is whether and up to what point a single country is able to change the sign of global PBSC, whether unilateral policies can have results and how signi…cant those results can bein terms of productive base sustainability -both for the country that takes the unilateral action of reducing CO 2 emissions but also for the other countries that might bene…t from this action (since global CO 2 emissions might be reduced). This is a hard issue to address because when we deal with the greenhouse e¤ect and climate change, we refer to global magnitudes. What we measure in these cases, is the contribution of all countries in total emissions and as a result the contribution of all countries in CO 2 stock. Unilateral action can lead to the reduction of emissions in certain countries, if the policies used are e¤ective. But can a single country with negative or zero contribution to total emissions counterbalance the positive contribution all the other countries might have on total emissions? For instance, if the USA reduces signi…cantly its annual emissions of CO 2 but the rest of the world keeps increasing annual CO 2 emissions, how much willthe PBSC be a¤ected? The answer depends on several factors, such as the size of the country, the development of the country and its competitiveness, its technological progress and R&D technologies used etc. When we deal with the USA for instance, we know that this country has a large contribution to the global emissions. If the USA followed policies that could reduce its annual CO 2 emissions by say 2%; this could promote the productive base sustainability both in the USA and in the rest of the world. The …nal result however would mostly depend on the reaction of all the other countries to this reduction. A possible scenario could be that the USA's unilateral action could trigger more emissions by all the other countries since they might expecte that their increased emissions would be counterbalanced by the reduced emissions of USA (free riding) and the …nal result could be an overall negative CSW.
To explore this issue, we measured the PBSC for the case of the USA using the following assumptions: We kept the rate of growth of CO 2 emissions for the USA …xed and at the same time we assumed an annual global CO 2 emissions increase of 2:5% (for all the other countries). The results indicated that the PBSC turned out to be negative globally. This test veri…ed our belief that even if a country with a large contribution to the global warming phenomenon followed "green" policies that lead to a reduction in the rate of growth of its own CO 2 emissions, this did not imply that the PBSC would be positive, since the reaction of other countries could counterbalance this unilateral action.
The last test we run in this paper in order to verify that our main results are robust, was to choose a logarithmic utility function 24 instead of (15) where elasticity of marginal utility was = 0:5: Assuming therefore that = 1 we obtain results for the PBSC both for developed and developing countries. The results we obtained are summarized as follows: When we follow scenario 1 (x = 0:025) with a global CO 2 emissions annual increase of 2:5% and a logarithmic utility function, the PBSC becomes negative, the accounting prices of capital, technical change and emissions are positive while the accounting prices of global emissions and CO 2 stock are negative. If we follow scenario 2 where global CO 2 emissions is zero (x = 0); we observe that the results remain the same as in the case where we used (15) with = 0:5; both for developed and developing countries. In particular, the productive base sustainability criterion is positive and the accounting prices of capital, technical change and emissions are positive while the accounting prices of global emissions and CO 2 stock are negative.
Concluding Remarks
One of the basic factors that a¤ect the current change on social welfare conditions is CO 2 emissions along with other GHGs emissions which are considered to be the basic contributors to the global warming phenomenon. This paper attempts to formulate a theoretical model to provide empirical results for the productive base sustainability of economies under global warming. This approach can be characterized as a productive base approach to sustainable development. To achieve this, we tried to determine a criterion that measures the current change of the productive base of an economy by taking into account the environmental damage created by the global warming phe-nomenon. We considered a nonoptimizing growth framework and we derived results for the productive base sustainability of two large groups of developed OECD and developing nonOECD economies. We applied our methodology by using three di¤erent scenaria of global CO 2 emissions'growth and we obtained results for the current productive base sustainability in each one of them.
The main empirical …nding of the paper under two alternative utility function speci…cations is that when we follow the scenaria where global CO 2 emissions increase, then the PBSC is negative for almost all the countries under analysis. When global CO 2 emissions remain constant, the PBSC is positive both for the case of developed and for the case of developing countries. Our empirical …ndings con…rms therefore the perception that the intensi…cation of the global warming phenomenon can erode the productive base sustainability of modern economies. Appendix Dividing (4) by e t we obtain: k t + ĥ t = se tka1 t e ta 1ĥ a 2 t e a 2 t z a 4 a 2 t e a 4 t e t ( + + )(k t +ĥ t ) k t + ĥ = se ( +a 1 +a 2 )tka1 tĥ a 2 tẑ a 4 t ( + + )(k t +ĥ t )
Setting + a 1 + a 2 = 0 so that (27) becomes time autonomous we have = 1 a 1 a 2 = ga 3 +a 4 b 1 a 1 a 2 ; and k t + ĥ = sk a 1 tĥ a 2 tẑ a 4 ( + + )(k t +ĥ t ) (28) Following Barro and Sala-i-Martin (2004) we assume that savings are allocated between physical and human capital so that the two marginal products of capital are equal if we use both forms of investment. For this to be achieved, the following conditions should be satis…ed:
The equality between marginal products implies a one-to-one relationship between physical and human capital: Setting =k 1 t , we have = (1 ) k tk t : Then:
which is linear in and the solution is the following: by replacingẑ = ze , the solution for the time path of the stock of capital is of the form: 
